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The  co-existence  of  two  mechanisms,  the  surface  chemisorption  mechanism  (SCM)  and  the  tunnel  storage 
mechanism  (TSM),  for  the  charge  storage  of  Mn02  is  investigated.  Sample  a-Mn02  whose  tunnels  (2  x  2) 
are  almost  vacant  is  synthesized  by  chemical  co-precipitation  technique.  To  verify  whether  the  charge 
storage  of  as-prepared  a-Mn02  involves  the  charges  based  on  the  SCM  besides  the  TSM,  Ba2+  and  I<+  are 
intercalated  into  the  tunnels  of  a-Mn02  by  refluxing  and  samples  Ba-Mn02  and  K-Mn02  are  obtained, 
respectively.  By  powder  X-ray  diffraction,  ICP  and  the  extraction  test,  it  is  confirmed  that  Ba2+  and  IC 
occupy  the  tunnels  and  are  difficult  to  remove.  By  electrochemical  analyses,  we  have  found  that  the 
charge  storage  of  Ba-Mn02  and  K-MnCb  basically  depends  on  the  SCM,  as  Ba2+  and  K+  stabilized  in  the 
tunnels  in  advance  block  the  intercalation/deintercalation  of  cations  from  the  electrolyte.  Thus,  it  can 
be  inferred  that  for  a-Mn02  two  mechanisms  contribute  to  the  charge  storage.  The  contributions  of  a- 
Mn02’s  mechanisms  are  estimated.  The  charges  based  on  the  TSM  predominantly  account  for  81 .2-89.9% 
of  the  total  charges.  The  charges  on  the  SCM  may  contribute  to  7.9-16.8%  and  are  not  negligible.  The 
charges  from  double-layer  capacitance  may  be  negligible,  since  it  is  only  1.1 -4.1%. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Electrochemical  capacitors  (ECs),  which  can  store  much  more 
energy  than  conventional  capacitors  and  offer  much  large  power 
density  than  batteries,  have  been  studied  extensively  [1,2].  Their 
applications  include  the  backup  or  auxiliary  power  sources  in 
electric  vehicles  and  other  renewable  energy  devices.  The  active 
materials  used  in  ECs  can  be  categorized  into:  (i)  carbons  based 
on  the  electrostatic  interactions  between  the  electrode  and  elec¬ 
trolyte  [1,3,4],  (ii)  conducting  polymers  [5]  and  (iii)  metal  oxides 
which  form  pseudo-capacitance  from  the  surface  or  bulk  redox 
reaction  [2,6,7].  Though  ruthenium  oxide  presents  the  highest  spe¬ 
cific  capacitance  among  all  the  metal  oxides  [7],  its  commercial 
application  is  limited  by  the  high-cost  and  environment  harmful¬ 
ness.  Lee  and  Goodenough  [8]  first  reported  the  ideal  capacitive 
behavior  of  manganese  dioxide  (Mn02)  in  mild  solutions.  As  Mn02 
is  low-cost,  nontoxic  and  abundant  in  raw  materials,  more  stud¬ 
ies  [9-12]  have  focused  on  Mn02  as  an  attractive  alternative  for 
ruthenium  oxide  in  ECs. 

The  electrochemical  characteristics  of  Mn02  are  affected  by  its 
physicochemical  properties,  such  as  particle  size,  surface  area,  mor¬ 
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phology,  crystalline  structure,  etc.  Nowadays,  Mn02  with  different 
crystalline  structures  have  been  prepared  with  their  properties 
investigated  [2,1 0,1 1  ].  The  variety  of  Mn02’s  structure  derives  from 
only  one  basic  structural  unit,  Mn06  octahedron.  The  assembling 
of  Mn06  units  enables  the  formation  of  one-dimensional  (ID), 
two-dimensional  (2D),  or  three-dimensional  (3D)  tunnels,  corre¬ 
sponding  to  the  crystallographic  structures  shown  in  Fig.  1.  The 
different  structures  described  by  the  size  of  their  tunnel  are  deter¬ 
mined  by  the  number  of  octahedral  subunits  (n  x  m).  To  improve 
the  pseudo-capacitive  performance  of  Mn02,  the  charge  storage 
mechanism  is  investigated  intensively.  It  is  known  that  the  specific 
capacitance  of  different  Mn02  is  basically  dependent  on  the  sur¬ 
face  and  bulk  faradic  reactions  [10,11].  The  capacitance  of  Mn02 
is  also  affected  by  the  species  and  concentrations  of  the  alkaline 
metal  cations  in  the  electrolytes,  as  well  as  by  the  pH  value.  To 
demonstrate  these  phenomena,  a  mechanism  based  on  the  surface 
chemisorption  mechanism  (SCM)  of  metal  cations  on  the  surface 
of  Mn02  was  initially  proposed.  The  redox  reaction  equation  of  the 
SCM  can  be  described  by: 

(Mn02  )surface  +  M+  +  e-  (Mn02“M+)surface  (1) 

where  M+  is  the  alkaline  metal  cations  (Li+,  Na+,  or  K+)  or  protons. 
However,  the  experiments  showed  that  some  Mn02  materials  have 
much  higher  specific  capacitance  than  the  theoretical  value  based 
on  the  SCM  that  faradic  charge  storage  was  limited  solely  to  the 


0378-7753 /$  -  see  front  matter  ©  201 1  Elsevier  B.V.  All  rights  reserved, 
doi:  1 0.1 01 6/j.jpowsour.201 1 .05.01 5 


D.  Zhai  et  al.  /  Journal  of  Power  Sources  196(2011)  7860-7867 


7861 


b 


Fig.  1.  Crystallographic  structures  of  Mn02:  (a)  pyrolusite  (3-Mn02  (lxl),  (b)  birnessite  S-Mn02  (1  x  00),  (c)  hollandite  a-Mn02  (2  x  2),  and  (d)  ramsdellite  7-Mn02  (1  x  2). 


surface  of  Mn02  [2,11].  To  account  for  this  discrepancy,  a  tunnel 
storage  mechanism  (TSM)  was  proposed.  The  redox  process  of  the 
TSM  is  mainly  governed  by  the  insertion/deinsertion  of  alkaline 
metal  cations  and  protons  of  the  electrolyte  into/from  the  structural 
tunnel  of  Mn02,  which  is  expressed  by 

Mn02  +  xM+  +  xe~  **  MxMn02  (2) 

where  M+  is  the  alkaline  metal  cations  (Li+,  Na+,  or  K+)  or 
protons.  Toupin  et  al.  [13]  used  ex  situ  X-ray  photoelectron 
spectroscopy  (XPS)  to  demonstrate  the  existence  of  the  TSM. 
Meanwhile,  a  reversible  expansion  and  shrinkage  in  lattice  spac¬ 
ing  of  the  oxide  during  charge  transfer  at  manganese  sites  upon 
reduction/oxidation  of  Mn02  was  also  demonstrated  by  in  situ 
synchrotron  X-ray  diffraction  [14].  It  indicated  that  the  insertion 
of  cations  into  the  tunnel  occurs  in  the  charge  storage  process  of 
Mn02. 

Up  to  now,  most  researchers  accepted  the  TSM  as  the  main 
mechanism  that  contributes  to  the  specific  capacitance  of  Mn02. 
However,  a  few  researchers  [10,15]  still  supposed  that  in  addition 
to  the  TSM,  the  effect  of  the  SCM  on  the  electrochemical  perfor¬ 
mance  of  Mn02  may  not  be  negligible.  It  remains  unclear  how  much 
role  the  SCM  plays  on  the  specific  capacitance  of  Mn02. 

In  this  paper,  from  the  viewpoint  of  electrochemical  analysis  we 
will  investigate  whether  the  two  mechanisms  can  both  contribute 
to  the  charge  storage  of  Mn02 ,  and  then  estimate,  if  both  contribute, 
what  the  proportion  of  their  contributions  is.  An  experiment  was 
conducted  for  the  above  aims.  According  to  the  TSM,  when  most  of 
the  Mn02  tunnels  are  unoccupied,  the  alkaline  metal  cations  and 
protons  can  insert  into/deinsert  from  the  tunnels  during  the  redox 
process.  If  the  Mn02  tunnels  are  pre-filled  with  the  metal  cations 
that  cannot  be  easily  removed,  the  intercalation/deintercalation  of 
cations  in  the  electrolyte  cannot  occur.  Then  the  TSM  has  no  effect 
on  the  specific  capacitance.  In  this  study,  the  electrochemical  per¬ 
formance  of  Mn02  whose  their  tunnels  were  empty  or  pre-filled 
with  cations  was  investigated.  Finally,  the  relative  contributions  of 
TSM  and  SCM  to  the  specific  capacitance  were  estimated. 

Manganese  dioxide  materials  possess  various  crystalline  struc¬ 
tures.  The  electrochemical  characteristics  of  a-Mn02  (2x2),  whose 
capacitance  depends  distinctly  on  the  TSM,  were  reported  [9,1 6,1 7]. 


For  a-Mn02  ,the  alkali  metal  ions  were  inserted  into/extracted  from 
the  (2x2)  tunnels  by  two  different  mechanisms:  redox-type  and 
ion-exchange-type  reactions  [18].  As  there  are  the  defects  in  the 
Mn  sites,  the  lattice  protons  may  occupy  the  (2  x  2)  tunnel  sites 
[19].  The  metal  ions  can  insert  into  the  tunnels  by  exchanging  with 
the  protons  of  the  tunnels.  By  refluxing  or  autoclaving  the  metal 
ions  can  insert  into  the  tunnels  through  ion-exchange-type  reac¬ 
tion.  The  exchanging  process  is  very  slow  and  needs  several  days 
[18].  At  the  same  time  it  is  difficult  and  time-consuming  to  extract 
the  ions  which  have  been  inserted  into  the  tunnel  in  advance  by 
ion-exchange-type  reaction  [18,20].  The  other  mechanism  is  the 
redox-type  reaction.  It  proceeds  at  certain  voltage  in  a  few  hours 
or  minutes  and  can  change  the  valence  of  manganese.  It  indicates 
that  two  insertion/deinsertion  processes  have  different  mechanism 
and  need  different  reaction  time.  Thus,  after  the  metal  ions  have 
been  inserted  into  the  (2  x  2)  tunnels  by  ion-exchange-type  reac¬ 
tion,  they  can  effectively  block  the  intercalation  of  metal  ions  by 
redox-type  reaction.  The  intercalation  of  cations  (Li+,  K+,  NH4+,  and 
Ba2+  ions)  into  the  tunnel  sites  of  a-Mn02  can  be  accomplished 
by  refluxing  or  autoclaving  an  acidic  solution  of  KMn04  and  Mn2+ 
[18,21,22].  The  a-Mn02  occupied  by  Ba2+  is  called  hollandite,  and 
the  one  by  I<+  is  cryptomelane.  The  a-Mn02,  hollandite  and  cryp- 
tomelane  have  the  same  crystalline  structure,  and  are  known  as 
a-Mn02’s  [23].  In  the  present  work,  a-Mn02’s  were  synthesized 
and  the  charge  storage  mechanisms  were  investigated. 

2.  Experimental 

2.  \ .  Preparation  of  a-Mn02  ’s 

The  a-Mn02  powder  was  synthesized  from  Mn(VII)  and  Mn(II) 
by  chemical  co-precipitation  technique  according  to  the  following: 

2Mn(VII)  +  3Mn(II)  -*  5Mn(IV)  (3) 

The  Mn(VII)/Mn(II)  molar  ration  is  2:3.  The  0.2  M  KMn04  solu¬ 
tion  was  prepared  by  dissolving  potassium  permanganate  (AR, 
99%)  in  deionized  water.  The  0.3  M  Mn(CH3COO)2  solution  was 
also  prepared  at  the  same  way.  While  stirring  the  Mn(CH3COO)2 
solution,  0.2  M  KMn04  solution  was  added  quickly.  A  dark  brown 
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Fig.  2.  XRD  patterns  of  samples:  (a)  co-Mn02)  (b)  Ba-Mn02,  and  (c)  K-Mn02;  XRD 
patterns  of  samples  after  the  extraction  test:  (d)  Ba-Mn02  and  (e)  I<-Mn02. 


tron  microscope  (TEM)  (Jeol  JEM2100F).  The  surface  area  and  pore 
volume  of  the  samples  were  determined  by  nitrogen  adsorption 
at  77  K  with  an  automated  adsorption  apparatus  (Micromerit- 
ics  ASAP  2020).  The  surface  area  was  determined  from  the 
Brunauer-Emmett-Teller  (BET)  equation.  The  pore  size  distribu¬ 
tion  was  determined  by  the  BJH  method  [24]  from  the  desorption 
isotherm. 

2.3.  Electrochemical  measurement 

Electrodes  were  prepared  by  mixing  70wt%  of  Mn02  powder 
as  active  material  with  20wt%  acetylene  black  and  10wt%  poly- 
tetrafluoroethylene  (PTFE).  70  mg  of  Mn02  powder  and  20  mg  of 
acetylene  black  were  first  mixed  and  dispersed  in  ethanol  by  ultra¬ 
sonic  stirring  for  30  min.  Then  the  ink  was  dried  at  80  °C  for  12  h 
and  200  mg  of  PTFE  aqueous  solution  (5  wt%)  was  added  to  form 
a  paste.  Then  the  paste  was  dried  at  80  °C  and  a  few  drops  of  1- 
methy-2-pyrrolidinone  (NMP)  were  added  to  get  a  syrup.  The  syrup 
was  rolled  into  thick  films.  The  films  were  cut  into  the  1  cm  x  1  cm 
pieces  of  about  3  mg,  and  then  hot-pressed  at  80  °C  under  100  MPa 
onto  a  stainless  steel  mesh  connected  to  a  nickel  wire. 

Electrochemical  tests  were  performed  with  a  battery  system 
VMP3  (Bio-Logic  Corp.,  France).  A  piece  of  platinum  gauze  and  a  sat¬ 
urated  calomel  electrode  (SCE)  were  assembled  as  the  counter  and 
reference  electrode,  respectively.  0.1  M  Ba(N03)2  and  0.1  M  KN03 
were  used  as  the  electrolytes.  The  cyclic  voltammetry  (CV)  mea¬ 
surements  were  carried  out  at  scanning  rates  ranging  from  2  to 
50mVs-1.  The  potential  range  was  from  0.1  to  0.9  V  versus  SCE  in 
0.1  M  Ba(N03)2  and  from  0.05  to  0.8  V  versus  SCE  in  0.1  M  KN03, 
respectively. 

To  examine  the  stability  of  Ba2+  and  K+  in  the  tunnel  sites,  the 
extraction  test  was  performed  as  follows:  0.5  g  of  as-prepared  Ba- 
Mn02  (or  K-Mn02)  was  stirred  separately  in  a  0.1  M  HC1  solution 
(200  ml)  and  0.1  M  Na2S04  (200  ml)  for  48  h  and  the  samples  were 
filtered,  washed,  and  dried  at  80  °C  for  24  h.  The  resultant  pow¬ 
ders  were  characterized  by  XRD  and  ICP  elemental  analyses.  The 
electrochemical  performance  was  conducted  on  the  samples. 


3.  Results  and  discussion 


precipitation  was  obtained.  The  solution  was  then  stirred  for  4  h  at 
ambient  temperature  until  the  reaction  completed.  The  precipita¬ 
tion  was  filtered,  washed  several  times  with  deionized  water,  and 
dried  at  80  °C  for  24  h.  The  sample  was  denoted  as  co-Mn02. 

The  cryptomelane  powder  was  synthesized  as  follows:  1 00  ml  of 
0.2  M  KMn04  solution  was  added  to  1 00  ml  of  0.3  M  Mn(CH3COO)2 
solution.  At  once  the  solution  was  refluxed  at  100°C  for  24  h,  and 
the  product  was  filtered,  washed  with  deionized  water,  and  dried  at 
80  °C  for  24  h.  The  sample  was  denoted  as  K-Mn02.  The  hollandite 
powder  was  obtained  as  follows:  3.19gofBa(CH3COO)2  was  added 
into  the  1 00  ml  of  0.3  M  Mn(CH3COO)2  solution,  followed  by  1 00  ml 
of  0.2  M  KMn04  solution.  The  solution  was  refluxed  at  100°C  for 
24  h,  and  the  product  was  filtered,  washed,  and  dried  at  80  °C  for 
24  h.  The  sample  was  denoted  as  Ba-Mn02. 

2.2.  Characterization 

Powder  X-ray  diffraction  (XRD)  patterns  of  samples  were 
obtained  by  using  a  TW3040/60  diffractometer  (Tanalygical  Com¬ 
pany,  Holland)  in  which  Cu-Ka  (A  =  0.1 54  nm)  was  used  as 
the  radiation  source.  Elemental  compositions  for  manganese, 
potassium  and  barium  were  analyzed  by  inductively  coupled 
plasma-atomic  emission  spectroscopy  (ICP-AES,  ICPS6300).  The 
morphologies  of  the  powder  samples  were  examined  by  a  Hitachi 
S-4800  scanning  electron  microscopy  (SEM)  and  a  transition  elec- 


3.1.  Characteristics 

Fig.  2  shows  the  XRD  patterns  of  the  samples.  It  can  be  seen  in 
Fig.  2a  that  a  few  broad  peaks  around  20  =  37.0°  and  65.3°  present  to 
indicate  the  amorphous  nature.  The  profile  of  peaks  seems  to  corre¬ 
spond  to  some  peaks  ofa-Mn02  (JCPDS  No.  44-0141)  [9,12,13].  The 
XRD  pattern  of  Ba-Mn02  is  shown  in  Fig.  2b.  The  profile  of  peaks  cor¬ 
responds  to  the  crystalline  phase  of  hollandite  (JCPDS  No.  78-0962), 
and  the  broadening  of  peaks  indicates  that  the  sample  presents 
in  partially  crystalline  state.  Fig.  2c  shows  that  the  XRD  pattern 
of  K-Mn02  corresponds  to  the  cryptomelane  (JCPDS  No.  29-1020) 
[21 ,22].  Thus,  according  to  the  XRD  data,  Ba2+  and  K+  were  inserted 
successfully  into  the  tunnel  (2  x  2)  of  a-Mn02.  From  ICP  elemental 
analyses,  the  K/Mn  and  Ba/Mn  molar  ratios  were  obtained  and  the 
chemical  formulas  of  three  samples  are  K0.i3Mn8Oi6  (co-Mn02), 
I<i.i2Mn80i6  (K-Mn02)  and  Bai.86Mn8016  (Ba-Mn02),  respectively. 
This  indicated  that  most  of  the  tunnels  of  co-Mn02  were  unoc¬ 
cupied,  and  Ba2+  and  I<+  were  set  in  the  tunnels  of  Ba-Mn02  and 
K-Mn02,  respectively. 

The  samples  of  Ba-Mn02  and  K-Mn02  after  the  extraction  test 
were  characterized  by  XRD,  as  shown  in  Fig.  2d  and  e.  It  can  be 
seen  that  there  is  no  significant  difference  between  XRD  patterns 
of  the  samples  before  and  after  immersed  in  0.1  M  HC1  and  0.1  M 
Na2S04.  The  results  of  ICP  also  showed  that  the  molar  ratios  of 
Ba/Mn  and  K/Mn  decreased  little  after  immersing.  Thus,  Ba2+  and 
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Fig.  3.  SEM  images  of  three  samples:  (a)  co-Mn02,  (b)  Ba-Mn02  and  (c)  K-Mn02;  TEM  images  of  three  samples:  (d)  co-Mn02,  (e)  Ba-Mn02  and  (f)  K-Mn02. 


K+  were  inserted  into  the  tunnels  by  ion-exchange-type  reaction, 
stabilized  in  the  tunnels  and  not  easily  removed  [18,21  ]. 

The  surface  morphologies  of  three  samples  (co-Mn02,  Ba-Mn02 
and  K-Mn02)  are  shown  in  Fig.  3.  It  can  be  seen  that  all  the  sam¬ 
ples  have  similar  rod-like  morphology.  The  diameter  of  nanorods 
is  about  20  nm.  Fig.  3c  and  f  also  show  that  the  K-Mn02  nanorods 
appear  more  in  bundles.  It  is  known  that  the  morphology  of  host 
materials  has  an  effect  on  the  ion’s  diffusivity.  The  size  and  shape 
of  Mn02  particles  will  influence  the  ions’  diffusivity  inside  the  par¬ 
ticles.  The  samples  co-Mn02,  Ba-Mn02  and  K-Mn02  have  similar 
morphology,  and  it  makes  the  effect  of  the  morphology  similar. 
The  nitrogen  adsorption/desorption  isotherms  of  the  samples  are 
shown  in  Fig.  4.  The  isotherm  of  co-Mn02  is  typical  for  a  meso- 
porous  material  with  a  hysteresis  loop  for  relative  pressure  (P/P0) 
range  between  0.5  and  0.9,  corresponding  to  Type  IV.  The  isotherms 
of  Ba-Mn02  and  K-Mn02  show  that  the  amount  adsorbed  increases 
sharply  above  0.9  P/P0,  resembling  Type  III,  which  suggests  that 
the  multilayer  adsorption  process  occurs  inside  the  mesopores  or 
macropores.  The  specific  surface  area  was  calculated  by  BET  equa¬ 
tion  and  the  specific  surface  area  of  co-Mn02  (226.22  m2  g-1 )  is 


Fig.  4.  Nitrogen  adsorption/desorption  isotherms  at  77  K  for  co-Mn02,  Ba-Mn02 
and  K-Mn02. 


much  larger  than  those  of  Ba-Mn02  (80.66  m2g_1)  and  K-Mn02 
(56.74  m2  g-1 ).  Fig.  5  shows  the  pore  size  distribution  of  the  three 
samples  determined  by  the  BJH  method.  The  dominant  peak  near 
5nm  is  observed  in  the  curve  of  co-Mn02,  and  the  broad  peak 
(inset  in  Fig.  5)  in  the  curve  of  Ba-Mn02  and  K-Mn02  locates  in 
the  range  from  40  to  80  nm.  Referring  to  the  surface  morphology 
of  co-Mn02,  which  consists  of  the  nanorods  with  the  diameter  of 
about  20  nm,  co-Mn02  may  possess  a  porous  structure  with  the 
pore  of  4-6  nm  [9],  and  thus  the  specific  surface  area  is  relatively 
high.  As  the  Ba-Mn02  and  K-Mn02  were  synthesized  at  1 00  °C,  high 
temperature  oriented  the  nanorods  to  grow  to  perfect  status.  Thus 
the  porous  structure  disappeared  and  the  nanorods  piled  up  and 
formed  the  pores  around  40-80  nm.  Though  the  difference  of  the 
surface  area  between  three  samples  is  obvious,  the  electrochem¬ 
ical  performance  of  Mn02  depends  more  on  the  surface  and  bulk 
faradic  reactions  than  on  the  surface  area. 

From  the  above  characteristics  including  XRD  pattern,  ICP 
elemental  analyses,  SEM,  TEM  and  nitrogen  adsorption,  three  as- 
prepared  samples  have  same  tunnel  structure  (2x2)  and  surface 
morphology.  The  main  difference  among  them  is  that  Ba2+  and  K+ 


Fig.  5.  The  pore  size  distribution  calculated  by  BJH  method  for  co-Mn02,  Ba-Mn02 
and  K-Mn02. 
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Fig.  6.  Cyclic  voltammograms  of  co-Mn02,  Ba-Mn02  and  K-Mn02  at  the  scanning  rate  of  2mVs~1  in  (a)  0.1  M  Ba(N03)2  and  (b)  0.1  M  KN03;  cyclic  voltammograms  of 
Ba-Mn02  after  the  extraction  test  at  the  scanning  rate  of  2  mV s_1  in  (c)  0.1  M  Ba(N03  )2  and  (d)  0.1  M  KN03. 


were  filled  in  the  tunnels  (2  x  2)  of  Ba-Mn02  and  K-Mn02,  while 
the  tunnels  of  co-Mn02  were  almost  vacant. 

3.2.  Electrochemical  properties 

Typical  CV  measurements  were  conducted  for  as-prepared  sam¬ 
ples  in  0.1  M  Ba(N03)2  and  0.1  M  KN03  solutions.  The  potential 
ranges  were  0.1 -0.9  V  and  0.05-0.8  V  versus  SCE,  respectively,  and 
the  measurements  were  taken  at  different  scanning  rates  from  2  to 
50  mV  s-1. 

Fig.  6  shows  that  the  cyclic  voltammetry  curves  of  the  samples  at 
the  scanning  rate  of  2  mV  s-1 .  The  curves  are  relatively  rectangular 
in  shape,  and  the  current  response  to  voltage  reversal  exhibits  near 
mirror-image,  indicating  a  reversible  reaction  and  ideal  capacitive 
behavior.  The  electrochemical  properties  of  Ba-Mn02  and  I<-Mn02 
after  the  extraction  test  were  also  performed.  As  shown  in  Fig.  6c 
and  d,  CVs  of  Ba-Mn02  after  immersed  in  both  solutions  coincide 
with  the  ones  before  immersed.  The  CVs  of  K-Mn02  after  immersed 
are  the  same  with  the  ones  before  immersed  and  not  present  here. 
As  the  structure  and  chemical  component  of  Ba-Mn02  and  I<-Mn02 
after  the  extraction  test  did  not  change,  the  electrochemical  perfor¬ 
mance  remained  unchanged.  The  average  specific  capacitance  (SC) 
was  calculated  by  the  general  equation 


where  C  is  the  specific  capacitance,  Q.  is  the  half  charge  obtained 
after  integrating  the  voltammogram,  m  is  the  mass  of  the  active 
material,  and  AE  is  the  potential  window.  In  0.1  M  Ba(N03)2,  the 
SC  of  co-Mn02,  Ba-Mn02  and  K-Mn02  is  158,  36  and  24  Fg-1, 
respectively.  And  in  0.1  M  KN03  the  SC  of  three  samples  is  111, 
26  and  44 Fg-1,  respectively.  Brousse  et  al.  [11]  summarized  the 
electrochemical  performance  of  Mn02  materials  for  ECs  and  found 
the  trend  that  the  SC  was  scattered  between  110  and  210 Fg-1 
for  a-Mn02  having  a  surface  area  larger  than  125m2g-1.  In  the 
present  work,  the  electrochemical  performance  of  as-prepared 
a-Mn02  corresponds  to  the  above  trend.  The  SC  of  co-Mn02  in 


0.1  M  Ba(N03)2  is  larger  than  that  in  0.1  M  KN03.  Xu  et  al.  [2,17] 
investigated  the  effect  of  different  valent  cations  on  capacitive 
behavior  and  charge  storage  mechanism  of  a-MnCV  When  the 
insertion/deinsertion  process  of  cations  occurred,  instead  of  one 
univalent  cation,  one  bivalent  cation  (such  as  Ca2+,  Ba2+)  can  also 
intercalate  into  the  tunnel  of  a-Mn02  to  store  two  electrons,  twice 
of  the  univalent  cation,  and  more  charges  can  be  stored.  Thus,  the 
SC  of  as-prepared  co-Mn02  in  0.1  M  Ba(N03)2  is  larger  than  that  in 
0.1  M  KN03.  This  indicates  that  the  TSM  has  a  distinct  effect  on  the 
charge  storage  for  co-Mn02.  In  both  solutions,  the  SC  of  Ba-Mn02 
and  K-Mn02  is  much  lower  than  that  of  co-Mn02.  As  the  main  dif¬ 
ference  between  Ba/K-Mn02  and  co-Mn02  is  that  the  tunnels  of 
Ba/K-Mn02  are  stabilized  by  Ba2+/I<+,  it  may  be  supposed  that  the 
cations  filled  in  advance  may  block  the  cations  in  the  solution  from 
intercalating  into  the  tunnel.  Therefore,  the  charge  storage  of  Ba- 
Mn02  and  K-Mn02  is  not  stored  based  on  the  TSM.  And  the  SC 
of  Ba-Mn02  and  K-Mn02  may  be  attributed  to  the  charge  storage 
based  on  the  SCM. 

The  cyclic  voltammetry  curves  of  three  samples  in  0.1  M 
Ba(N03)2  at  different  scanning  rates  of  2-50  mV  s-1  are  shown  in 
Fig.  7a-c  for  co-Mn02,  Ba-Mn02  and  K-Mn02,  respectively.  With 
increasing  the  scanning  rate,  CVs  of  co-Mn02  become  distorted 
dramatically  and  CVs  of  Ba-Mn02  and  I<-Mn02  remain  rectangu¬ 
lar  shape.  For  the  three  samples  in  0.1  M  KN03,  the  CVs  are  similar 
to  Fig.  7  and  therefore  are  not  presented  here.  According  to  Eq.  (4), 
the  dependence  of  the  SC  calculated  from  CVs  on  scanning  rate  is 
shown  in  Fig.  8.  In  0.1  M  Ba(N03)2,  from  2  to  50mVs_1  the  SC  of 
co-Mn02  decreases  sharply  from  1 58  to  53  F g-1 ,  and  the  SC  of  Ba- 
Mn02  and  K-Mn02  decreases  from  36  to  30 Fg-1  and  from  24  to 
20 Fg-1,  respectively.  In  0.1  M  KN03  the  SC  of  co-Mn02  decreases 
drastically  from  1 1 1  to  43  F  g-1  and  the  SC  of  Ba-Mn02  and  K-Mn02 
decreases  only  by  16.5%  and  18.6%,  respectively. 

As  mentioned  earlier  on  the  charge  storage  mechanism  of  Mn02, 
two  mechanisms  may  be  proposed.  One  is  the  surface  chemisorp¬ 
tion  mechanism,  based  on  adsorption/desorption  of  protons  or 
cations  on  the  Mn02  surface.  The  other  is  the  tunnel  storage  mech¬ 
anism  based  on  intercalation/deintercalation  of  protons  or  cations 


D.  Zhai  et  al.  /  Journal  of  Power  Sources  196(2011)  7860-7867 


7865 


U  vs.SCE  /  V 

Fig.  7.  Cyclic  voltammograms  of  three  samples  at  different  scanning  rates  in  0.1  M 
Ba(N03)2:  (a)  co-MnC^,  (b)  Ba-Mn02  and  (c)  K-Mn02. 


into/from  the  tunnels  of  Mn02.  At  slow  scanning  rate,  protons  or 
cations  have  enough  time  to  arrive  at  the  surface  of  Mn02  and  to 
insert  into  the  tunnel  of  Mn02,  and  thus  both  mechanisms  are  effec¬ 
tive  on  the  charge  storage.  At  fast  scanning  rate,  protons  and  cations 
may  not  have  enough  time  to  intercalate  into  the  tunnels,  but  may 
be  able  to  reach  the  surface,  thus  the  charges  stored  from  the  TSM 
may  become  less  and  the  SCM  remains  effective  on  the  charge  stor¬ 
age.  Referring  to  Figs.  7  and  8,  with  increasing  scanning  rate  the  SC 
of  co-Mn02  decreased  drastically  and  the  SC  of  Ba-Mn02  and  K- 
Mn02  dropped  only  a  little.  Thus,  the  charge  storage  of  co-Mn02 
is  probably  related  to  the  TSM,  and  the  charge  storage  of  Ba-Mn02 
and  K-Mn02  may  mainly  depend  on  the  SCM. 

Ardizzone  et  al.  [25]  firstly  proposed  the  method  to  discriminate 
so  called  “inner”  and  “outer”  charges.  The  whole  surface  of  Mn02 
could  be  divided  into  “inner”  surface  and  “outer”  surface.  “Inner” 
surface  involves  the  micropores  inside  particles,  tunnels  piled  up, 
etc.,  which  is  more  difficult  to  access.  And  “outer”  surface  involves 
mesopores  and  the  surface  of  grain,  which  is  easily  accessible  for 
ions.  At  fast  scanning  rate,  protons  or  cations  can  only  arrived  at 


Fig.  8.  The  dependence  of  SC  on  scanning  rate  for  co-Mn02,  Ba-Mn02  and  K-Mn02 
in  (a)  0.1  M  Ba(N03)2  and  (b)  0.1  M  KN03. 


the  “outer”  surface  of  Mn02.  Thus  the  extrapolation  of  q  to  v  =  oo 
from  the  q  versus  v~^l2  plot  gives  the  “outer”  charge  of  q0,  which  is 
the  charge  on  the  most  accessible  active  surface.  The  extrapolation 
of  q  to  v  =  0  from  the  versus  p1/2  plot  gives  the  total  charge  qT, 
that  is,  the  charge  related  to  the  whole  active  surface  [9,12,26,27]. 

The  voltammetric  charges  have  been  determined  as  a  function 
of  the  scanning  rate.  The  dependence  of  voltammetric  charge  q 
on  for  the  three  samples  is  shown  in  Fig.  9a  and  b  for  0.1  M 
Ba(N03)2  and  0.1  M  KN03  solutions,  respectively.  In  Fig.  10a  and 
b,  the  inverse  of  the  voltammetric  charge  q-1  is  plotted  as  a  func¬ 
tion  of  p1/2.  The  data  are  linearly  fitted  with  least  square  method. 
The  estimated  charges  at  very  low  and  very  high  scanning  rates 
in  different  solutions  for  three  samples  are  presented  in  Table  1. 
At  very  low  scanning  rate,  qT  of  co-Mn02  in  0.1  M  Ba(N03)2  is 
332.22 Cg_1,  about  twice  of  qT  (leS^Cg-1)  in  0.1  M  KN03.  The 
results  match  the  tunnel  storage  mechanism  of  bivalent  cations 
proposed  by  Xu  et  al.  [2,17].  In  both  solutions,  the  qo  values  of  co- 
Mn02  are  close  each  other,  33.39  and  31.12  Cg-1  in  0.1  MBa(N03)2 


Table  1 

The  estimated  charge  density  at  very  low  and  very  high  scanning  rate  in  different 
solutions  for  three  samples. 


Solution 

Sample 

qotcg-1) 

^(Cg-1) 

Qo/Qt  (%) 

0.1  M  Ba(N03)2 

co-Mn02 

33.39 

332.22 

10.0 

Ba-Mn02 

22.50 

29.84 

75.4 

K-Mn02 

15.89 

19.84 

80.1 

0.1  M  KN03 

co-Mn02 

31.12 

165.29 

18.8 

Ba-Mn02 

15.23 

20.50 

74.3 

K-Mn02 

23.50 

34.64 

67.8 
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Fig.  9.  Variation  of  the  voltammetric  density  (q)  with  respect  to  scanning  rate  (v) 
plotted  as  q  versus  v~ 1/2  for  co-Mn02,  Ba-Mn02  and  K-Mn02  in  (a)  0.1  M  Ba(N03)2 
and  (b)  0.1  M  I<N03. 


vm  /  (mV  s'1) 


Fig.  10.  Variation  of  the  voltammetric  density  (q)  with  respect  to  scanning  rate  (v) 
plotted  as  q_1  versus  f1/2  for  co-Mn02,  Ba-Mn02  and  K-Mn02  in  (a)  0.1  M  Ba(N03)2 
and  (b)  0.1  M  I<N03. 


and  0.1  M  KN03,  respectively,  and  the  values  of  qo/qj  are  very  low, 
10.0  and  18.8%,  respectively.  The  results  indicate  that  the  charges 
based  on  the  TSM  predominate  within  the  charge  storage  of  co- 
Mn02  and  the  charges  based  on  the  SCM  account  only  for  a  small 
proportion  of  the  total  charges. 

The  qT  values  of  Ba-Mn02  in  both  solutions  are  very  small, 
only  29.84  and  20.50  Cg-1,  respectively,  and  the  values  of  qolqj 
rise  up  to  75.4%  and  74.3%,  respectively.  The  same  result  is  found 
for  K-Mn02.  It  can  be  deduced  that  as  most  of  the  tunnels  of  Ba- 
Mn02  and  K-Mn02  were  pre-occupied,  the  charge  storage  may 
be  basically  dependent  on  the  SCM.  The  values  of  q0  of  Ba-Mn02 
in  0.1  M  Ba(N03)2  (22.50 Cg-1)  is  larger  than  that  in  0.1  M  KN03 
(15.23  Cg-1);  in  the  same  way,  q0  of  K-Mn02  in  0.1  M  Ba(N03)2 
(lS^Cg-1)  is  smaller  than  in  0.1  M  KN03  (23.50 Cg-1).  That  is, 
for  Ba-Mn02  and  K-Mn02,  the  contribution  of  the  surface  charge 
storage  in  the  electrolyte  containing  same  cations  is  higher  than 
in  the  electrolyte  containing  hetero  cations,  probably  because  the 
electrolyte  containing  identical  cations  is  in  favor  of  the  surface 
charge  storage. 

In  a  word,  we  can  infer  that  for  as-prepared  co-Mn02,  both  the 
TSM  and  SCM  contributed  to  the  charge  storage  and  the  charges 
based  on  the  TSM  predominate  within  the  total  charges.  On  the 
other  hand,  for  as-prepared  Ba-Mn02  and  K-Mn02,  the  charge  stor¬ 
age  is  basically  dependent  on  the  SCM,  as  most  of  the  tunnels  were 
occupied  in  advance. 


Of  course,  for  as-prepared  co-Mn02,  the  tunnel  sites  were  not  all 
vacant  and  the  ions  such  as  protons  or  K+  occupied  a  small  number 
of  the  tunnel  sites  while  synthesized.  The  tunnels  of  as-prepared 
Ba-Mn02  and  K-Mn02  were  not  fully  occupied  by  cations  [18,21]. 
When  the  redox  process  of  co-Mn02  occurs,  a  few  tunnels  pre¬ 
occupied  by  ions  cannot  store  the  charges,  and  the  SC  and  q  from  the 
experiments  are  expected  to  be  lower  than  the  theoretical  value. 
At  the  same  time,  a  few  vacant  tunnels  for  Ba-Mn02  and  K-Mn02 
can  be  intercalated/deintercalated  by  the  cations  in  the  electrolyte. 
However,  in  the  present  work  the  obtained  data  was  good  enough 
for  estimating  the  contribution  of  the  SCM  and  TSM  approximately. 

When  we  estimated  the  contribution  of  the  SCM  and  TSM  of 
the  samples  approximately,  the  effect  of  the  surface  area  should 
be  involved.  The  surface  area  may  have  the  effect  on  the  double¬ 
layer  capacitance  based  on  the  electrostatic  interactions  between 
the  electrode  and  electrolyte,  as  well  as  on  the  SCM.  For  Ba- 
Mn02  and  K-Mn02  with  broad  distribution  between  40  and  80  nm, 
the  macropore  volume  is  the  only  channel  that  the  electrolyte 
enters  into  the  mesopores  and  micropores,  and  stores  few  charges 
based  on  double-layer  effect  [28,29].  Thus,  q0  of  Ba-Mn02  and  I<- 
Mn02  is  attributed  to  the  SCM.  q0  of  Ba-Mn02  in  0.1  M  Ba(N03)2 
(22.50 Cg-1)  was  very  closed  to  q0  of  K-Mn02  in  0.1  M  KN03 
(23.50  C  g_1 ),  which  illustrate  that  the  optimal  charges  based  on  the 
SCM  may  be  about  23  C  g_1  in  both  solutions.  For  co-Mn02  with  sin¬ 
gle  narrow  mesoporous  distribution  of  4-6  nm,  double-layer  effect 


Table  2 

The  estimated  charge  based  on  various  storage  mechanism  for  as-prepared  co-Mn02. 


Solution 

^(Cg-1) 

qotcg-1) 

qisM  (Cg-1) 

qscM  (Cg-1) 

Qdlc  (Cg”1) 

qscM/qi  (%) 

qisM/qi  (%) 

qDLc/qi  (%) 

0.1  M  Ba(N03)2 

332.22 

33.39 

298.83 

26.15-29.77 

3.62-7.24 

7.9-9.0 

89.9 

1. 1-2.2 

0.1  M  KNOs 

165.29 

31.12 

134.17 

24.34-27.73 

3.39-6.78 

14.7-16.8 

81.2 

2.0-4.1 

qscM,  q  originated  from  the  SCM;  qisM,  q  originated  from  the  TSM;  qDLc,  q  originated  from  the  double-layer  capacitance. 
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can  store  a  small  number  of  charges  [1,28].  As  the  semiconducting 
material,  the  double  layer  capacitance  per  unit  external  surface  area 
(Cext)  of  Mn02  is  about  2-4  pi7 cm-2  [29,30],  and  qDLC  of  co-Mn02 
is  calculated  according  to  the  equation  q  =  CU=  Cext>>BETbf,  as  shown 
in  Table  2.  q0  of  co-Mn02  are  compose  of  qScM  and  qDLC,  and  qSCM  is 
obtained.  From  Tables  1  and  2,  qSCM  of  co-Mn02  is  larger  than  that 
of  Ba-Mn02  and  K-Mn02.  It  may  be  inferred  that  the  charges  based 
on  the  SCM  are  related  to  the  surface  area,  and  the  larger  surface 
area  may  store  more  charges  by  the  SCM.  Regarding  to  the  compre¬ 
hensive  relationship  between  the  SCM  and  the  surface  area,  there 
are  few  reports  and  we  will  study  on  it  in  the  future.  Table  2  shows 
the  estimated  charges  based  on  various  storage  mechanism  for  as- 
prepared  co-Mn02  approximately.  It  shows  that  for  as-prepared 
co-Mn02,  the  charges  based  on  the  TSM  accounted  for  81.2-89.9% 
of  the  total  charges  and  predominated;  that  the  charges  based  on 
the  SCM  made  up  7.9-16.8%  and  should  not  be  negligible;  and  that 
the  charged  from  the  double-layer  capacitance  may  be  negligible 
(1. 1-4.1%). 

4.  Conclusions 

In  order  to  investigate  the  co-existence  of  two  mechanisms,  the 
surface  chemisorption  mechanism  and  the  tunnel  storage  mecha¬ 
nism,  for  the  charge  storage  of  Mn02,  the  sample  a-Mn02  whose 
tunnels  (2  x  2)  were  almost  vacant  was  synthesized  by  chemical 
co-precipitation  technique,  and  the  sample  Ba-Mn02  and  K-Mn02 
whose  tunnels  (2x2)  were  intercalated  and  stabilized  with  Ba2+ 
and  I<+  were  prepared  by  refluxing.  By  measuring  the  electrochem¬ 
ical  characteristics,  it  can  be  inferred  that  for  as-prepared  co-Mn02, 
both  the  TSM  and  SCM  contribute  to  the  charge  storage  and  the 
TSM  predominates  within  the  total  charges.  For  as-prepared  Ba- 
Mn02  and  K-Mn02,  the  charge  storage  basically  depends  on  the 
SCM,  as  the  cations  (Ba2+  and  I<+)  occupying  the  tunnels  in  advance 
may  block  the  cations  of  the  electrolyte  from  intercalating  into  the 
tunnels  and  the  charges  cannot  be  stored  by  the  TSM. 

For  as-prepared  co-Mn02,  the  contribution  of  TSM  and  SCM  is 
estimated.  The  charges  based  on  the  TSM  account  for  81 .2-89.9%  of 
the  total  charges;  the  charges  based  on  the  SCM  may  contribute  to 
7.9-16.8%  that  are  not  be  negligible;  the  charges  from  the  double¬ 
layer  capacitance  contribute  to  only  1 .1  -4.1%  of  all  the  charges  and 
may  be  negligible. 
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